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Abstract

Integrated electrochemical sensing platforms in wearable devices have great prospects in biomedical applications.
However, traditional electrochemical platforms are generally fabricated on airtight printed circuit boards, which lack
sufficient flexibility, air permeability, and conformability. Liquid metals at room temperature with excellent mobility
and electrical conductivity show high promise in flexible electronics. This paper presents a miniaturized liquid
metal-based flexible electrochemical detection system on fabric, which is intrinsically flexible, air-permeable, and
conformable to the body. Taking advantage of the excellent fluidity and electrical connectivity of liquid metal, a
double-layer circuit is fabricated that significantly miniaturizes the size of the whole system. The linear response,
time stability, and repeatability of this system are verified by resistance, stability, image characterization, and
potassium ferricyanide tests. Finally, glucose in sweat can be detected at the millimolar level using this sensing
system, which demonstrates its great potential for wearable and portable detection in biomedical fields, such as

health monitoring and point-of-care testing.

Introduction

The detection of biological substances is of great sig-
nificance in providing physiological information and
indicating the state of life activities; thus, detection
techniques have been widely utilized for medical diag-
nosis, health monitoring, and disease treatment. Among
them, the electrochemical detection method is a widely
studied and applied trace detection method that features
high sensitivity and good specificity. Biosensors are the
core element used to obtain important physiological
information from living organisms, by which abundant
physiological information can be collected through
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electrochemical sensing'. Increasing attention has been
given to wearable electrochemical biosensing techniques
due to the enormous demand for physiological health
monitoring, the treatment of certain chronic diseases
(such as diabetes and hypertension), and the diagnosis of
communities and even families®. For example, a fully
integrated closed-loop system based on a minimally
invasive microneedle platform and wearable electronic
device is studied. Combined with a flexible circuit board
capable of signal analysis, processing, and transmission
functions, the system can accurately monitor glucose
fluctuations and effectively deliver insulin to regulate
hyperglycemia in diabetic rat models®. Similarly, a fully
integrated battery-free, wireless and flexible smart wound
dressing is developed. On the one hand, a disposable
stretchable electrode array based on a polyimide (PI)
substrate can monitor changes in temperature, pH, and
uric acid concentration to comprehensively report wound
conditions. On the other hand, through the voltage
control of the drug delivery module, the antibacterial
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cefazolin can be released for treating the infection with
low power consumption®. In addition, an electrochemical
biosensing system is reported, which combines mass-
produced all-laser engraved multimodal sensors and
flexible skin lab patches (flexible printed circuit modules).
The study shows that it can continuously detect tem-
perature, breathing rate, and low concentrations of uric
acid and tyrosine during simultaneous sweat sampling,
chemical sensing, and vital sign monitoring”. Further-
more, a wearable sensing platform that can be mass-
produced and does not require batteries is proposed, and
a free-standing friction nanogenerator (FTENG) based on
a flexible printed circuit board (FPCB) is used to collect
energy from human movement. The integrated and effi-
cient power management system can power the multi-
plexed sweat biosensor and wirelessly transmit data to
the user interface via Bluetooth during human testing’.
Among these, the miniaturization and integration of the
detection system with flexibility and conformability
are of great value to achieve electrochemical detection
and analysis.

At present, research on flexible wearable electro-
chemical sensing systems has made some progress. Stu-
dies on wearable biosensors have been reported with
portable or even wearable detection systems on flexible
substrates such as SEBS®, PI’, PDMS®’, and PTFE'.
Although they have excellent bending and stretching
capabilities, poor air permeability will cause a certain
burden on the skin when worn, potentially even causing
skin inflammation. Therefore, the comfortability of
wearable devices is greatly restricted'''?.

Fabric is a common skin-friendly material. A biosensor
prepared by printing on fabric can be in direct contact
with skin while also having increased air permeability
and comfort. Studies on existing fabric-based biosensors
have been carried out to detect biological signals such as
glucose, pH, lactic acid, and uric acid*®'*, These studies
have applied and verified the functions of biosensors
by implementing conductive circuits on fabrics. How-
ever, it is still challenging to fabricate complex circuits
directly on fabric using common electrical inks, such
as nano-copper®, nano-silver'®, nano-gold'’, and gra-
phite ink'® for printing. This is mostly because the
intersecting circuits require multilayer interconnection,
which is difficult to achieve on fabrics with these
conductive inks.

In this study, to overcome these challenges, we aim to
fabricate an electrochemical sensing system on fabric
using Galinstan (68.5% Ga, 21.5% In, and 10% Sn) as
conductor, which is a liquid metal at room temperature.
With great mobility and electrical conductivity, it has
become an important candidate as a flexible conductor in
the field of flexible electronics'. Moreover, the excellent
mobility allows for self-healing and extensible properties,
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which are quite desirable in flexible and stretchable
electronics®®. Thus, in the present study, we achieve this
electrochemical sensing system by printing all the circuits
with liquid metal on two-layered fabric. Generally, the
method of liquid metal patterning is complicated. For
example, microchannel injection requires vacuum suction
equipment”’, atomized spraying requires a spray gun’'*,
and 3D printing requires a series of related printing
equipment®. Some studies require pretreatment of the
liquid metal materials to make them adhesive, thereby
reducing their fluidity for the subsequent molding step®*.
In addition, doping will also affect the conductivity of
liquid metals®. In this paper, the unmodified liquid metal
is patterned on the fabric with the help of poly-
methacrylate (PMA)?, without the need for additional
equipment and complicated preprocessing. The glue
enhances the adhesion between the metal and fabric and
improves the stability of the circuit, and the circuit of the
entire fabric substrate has good air permeability. In
addition, the manufacturing process is convenient, quick,
and user-friendly. This fabric electrochemical sensing
system based on liquid metal integrates the functions of
signal acquisition and signal processing by developing a
double-layer liquid metal-based circuit. The system con-
sists of the following main parts: a flexible fabric detection
circuit based on liquid metal, control software on a laptop,
and a replaceable electrode. The system can realize a
constant voltage circuit at a range of 0-3V for electro-
chemical detection and transfer the obtained data to the
software on the laptop. The sensing part uses commer-
cially available electrodes. The function of this electro-
chemical sensing system is verified by potassium
ferricyanide tests. Moreover, the detection of glucose in
artificial sweat is achieved at the millimolar level, which
demonstrates its high potential for use in wearable elec-
trochemical sensing. More experimental procedures and
results are discussed below.

Results and discussion
Structure and function of the fabric electrochemical sensor
system

The system consists of a flexible fabric circuit, a
replaceable electrode for electrochemical detection, and
software for circuit control and data analysis (Fig. 1a). The
sensor system is based on the principle of electrochemical
detection, and a weak signal detection circuit is designed
to realize the collection, amplification, and transmission
of current signals from nanoamps to microamps while
eliminating interference signals. Notably, these signals can
be displayed in real time on a laptop.

The detection module applies the electrodes at a
constant potential and transmits the measured elec-
trical signal to the software on the laptop (Fig. 1b). It
contains several main modules: a power supply
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Fig. 1 Schematic diagram and design of a fabric electrochemical sensor system based on liquid metal. a Electrochemical detection module of
the whole fabric and the control module interface displayed on a laptop. b Working principle of the detection module.

module, potentiostat module, I/V conversion module,
amplification and filtering module, and digital-to-
analog conversion module (Fig. S1 shows the circuit
design of the detection module; Supplementary Mate-
rial). The power module consists of a reference voltage
core (REF3318) and a voltage regulator chip (SOT-233-
AMS1117). The latter provides 3.3 and 1.8 V voltages
for the potentiostat module. The voltage regulator
module uses a precision amplifier (AD8572) to keep the
voltage of the counter electrode (CE) and reference
electrode (RE) consistent through a feedback
mechanism. The I/V conversion and amplification fil-
ter modules amplify the weak response current through
I/V conversion, eliminate interference signals through
filtering, and theoretically can measure the micro-
ampere current. In the digital-to-analog conversion
module, the processed electrical signal is sent to the
microcontroller (STM32f042f4p6) ADC sampling
terminal for processing, converted into a digital signal,
and then input into software on a laptop.

Control software based on LabVIEW has been devel-
oped, which can realize the control and data collection of
sensor detection on a laptop and display the sensor
response curve in real time (Fig. 1a) (Fig. S2 shows the
interface of the software on a laptop. On the left, different
functions are provided, including serial port selection,
start running, stop collection, real-time voltage value
display, system reset, save graphics and save data opera-
tions; Supplementary Material).

The flexible fabric circuit of the detection module is
based on 100% cotton fabric, unmodified liquid metal is
used as the electric wire, and the template method is used
for plane printing manufacturing (Fig. 2). The reason for
using PMA glue is that gallium oxide on the surface of
liquid metal can interact with PMA through hydrogen
bonds, so the liquid metal can better adhere to the surface
of the fabric®®. Only applying glue to the area where the
circuit wires are designed can ensure that the final pro-
duct still retains the good air permeability of the fabric.
The unmodified liquid metal still retains its good
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Fig. 2 Manufacturing process of the flexible fabric circuit. The template method is used to print PMA glue and liquid metal on the fabric to form
a upper circuit and b lower circuit. ¢ The circuit intersection of the upper circuit is drilled, the electronic components are pasted, and then the two
layers of circuits are overlapped. d Liquid metal is used to connect the upper and lower circuits to obtain a flexible fabric circuit.

electrical conductivity”” without requiring complex pre-
treatment. Direct patterning of liquid metal is obviously
simple and fast (Fig. S3b shows the finished picture of the
flexible fabric circuit, Fig. S3c is the finished picture of the
printed liquid metal wire of the upper circuit, and Fig. S3d
is the finished picture of the liquid metal wire of the lower
circuit; Supplementary Material).

The manufacturing of the detection circuit adopts a
general template method and does not require additional
processing of the manufacturing materials. The manu-
facturing method is simple, user-friendly, and fast, while
retaining to the greatest extent the good air permeability
of the fabric.

Characterization of the flexible fabric circuit

Figure 3a shows the liquid metal wires printed on the
fabric and their corresponding numbers. Through mea-
surement, we compare the line width corresponding to
the liquid metal wire printed in the picture with the width
of the design template (Table S1; Supplementary Mate-
rial). Among the 12 wires, the maximum error between
the printed width and the design width is 5.16% for Line
12, and the smallest error is 0.63% for Line 1. It can be
found that the width of the printed wire is not much

different from the design width. This shows that relying
on the adhesion of PMA glue makes it possible to pattern
the liquid metal on the fabric.

Next, we examine the resistance of the liquid metal
wires in relation to the time variance (Fig. 3b). First, we
observe the resistance of the printed liquid metal wire at
Month 0. The difference in the length and width of the
printed wire itself will lead to the difference in resis-
tance. Line 2 is the longest, with a design length of
53.706 mm and a design line width of 0.508 mm. Its
resistance is the largest among all lines, only 1.46 +
0.10 Q. Line 6 is the shortest, with a design length of
12.475mm, a design line width of 0.508 mm, and a
resistance of only 0.68 + 0.07 Q. The design line width of
Line 8, Line 11, and Line 12 are only 0.381 mm, and the
corresponding resistances are 0.82+0.04Q, 0.74+
0.08 Q, and 0.88 + 0.19 Q, respectively.

We compare the resistance of the printed liquid metal
wire at Month 0 and Month 16, and it can be found that
the resistance of each wire at Month 16 increases slightly.
By comparison, it can be seen that the resistance of Line 6
is the largest (1.76+0.12 Q). In the circuit design, the
minimum resistance is 33 Q, except for R3, and the
remaining resistances in the circuit are all kiloohms (for
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Fig. 3 Electrical and physical characterization of the circuit. a Liquid metal wire on the fabric and its corresponding number. b Liquid metal wire
resistance at Months 0 and 16. ¢ Front view of the inverted microscope of the liquid metal wire. d Environmental scanning electron microscopy
image of the liquid metal-glue-fabric cross-section. The inset is the contact angle measurement diagram of the corresponding interface. e Front
view of liquid metal-fabric (no glue scraping). f Environmental scanning electron microscopy image of the liquid metal-fabric cross-section. The inset

is the contact angle measurement diagram of the corresponding interface.

details, see S1; Supplementary Material). Therefore, com-
pared with the resistance in the circuit, the resistance of
the printed liquid metal wire is not large. The resistance of
Line 6 is only 5.3% of the design circuit resistance R3. Even
after being placed for a period of time, the resistance
change of the liquid metal wire will not have a significant
impact on the resistance of the entire circuit. This shows
that the liquid metal wire on the fabric has certain time
stability and can be used as the hardware basis of a reu-
sable sensor system. The reason for the increase in elec-
trical resistance may be due to the increased oxidation or
corrosion in the air for a long time through SEM obser-
vation of the fabric—liquid metal part after 16 months.
Therefore, the conductivity decreases (Fig. S4 suggests that
after 16 months of storage, the oxide film on the surface of
the liquid metal is rough; Supplementary Material).

In addition, we compared the contact resistance of
electronic components and liquid metal wires at Months
0 and 6. Due to the excessive number of components, we

randomly selected the contact resistances corresponding
to the different pins of ten components (the results are
shown in Fig. S6; Supplementary Material). At Month 0,
when the circuit has just been prepared and connected,
the contact resistances of the different electronic com-
ponents and liquid metal wires are very small, between
0.1 and 0.2 Q, and after 6 months, the contact resistances
of the different components have increased. In the
measured data, the maximum contact resistance value is
measured on the first pin of the chip Ul. However, even
if the contact resistance increases, the measured max-
imum value does not exceed 2 Q, indicating that the
change in the contact resistance between the electronic
component and the liquid metal wire has little effect on
the circuit resistance.

By observing the liquid metal circuit under an inverted
microscope (Fig. 3c), we can see that the liquid metal
pattern is relatively straight and the edges are neat,
indicating that the printed circuit is of good quality.



Chen et al. Microsystems & Nanoengineering (2022)8:48

Page 6 of 12

fabric is only 0.4 mm.

Fig. 4 Characterization of the flexible fabric. a Inverted microscopy image of the 100% cotton fabric; the inset shows the flexibility of the 100%
cotton fabric. b Environmental scanning electron microscopy image of 100% cotton fabric. ¢ Curved flexible fabric circuit. d Bent flexible fabric circuit.
The inset shows a flexible fabric circuit placed on the hand, with a length of 66 mm and a width of 40 mm. The thickness of the double-layer cotton

The coverage area of the PMA glue is slightly wider than
that of the liquid metal, and there is no glue covering on
the surface of the fabric except for the contour of the
liquid metal, which can retain the good air permeability of
the fabric. Observing the cross-section of the fabric where
the liquid metal is located (Fig. 3d), the liquid metal
tightly covers the upper fiber of the fabric. Since liquid
metal cannot form a specific pattern on the fabric without
glue (Fig. 3e), the liquid metal is directly scraped on the
fabric for subsequent research. By observing the cross-
section of the liquid metal—fabric (Fig. 3f) and comparing
the liquid metal-glue—fabric, we can see that there are
still gaps between the liquid metal and fabric fibers in the
cross-section of the liquid metal-fabric, and the liquid
metal only thinly covers the surface of the fabric. The
illustrations in Fig. 3d, f show the comparison of the
contact angle of liquid metal on fabrics with and without
glue, respectively. When on the glue-coated surface, the
contact angle of the liquid metal drop is 85°. Directly on
the cotton fabric, the contact angle of the liquid metal
drop is 105°. In fact, the adhesion force has been mea-
sured in previous work, showing that the adhesion
between PMA glue and liquid metal is ~2 mN, much
larger than those between liquid metal and paper/fabrics
(Fig. S8 shows the adhesion force between a liquid metal
with PMA glue, paper, and fabric; Supplementary Mate-
rial). From the above comparison, it can be seen that the

liquid metal has better wettability on PMA glue than on
the fabric. Thus, the combination with PMA glue realizes
the patterning of the liquid metal on the fabric.

Due to its own fiber characteristics and structural
morphology, cotton fabric has good air permeability and
water vapor resistance®®. These properties are related to
the hole diameter of the fabric, the number of warp and
weft yarns used per centimeter, and the thickness of the
fabric. The illustration in Fig. 4a shows the structure used
in the flexible fabric circuit. The cotton fabric used is
flexible and can be twisted at will. In the inverted
microscope image in Fig. 4a, the gaps between the warp
and weft yarns of the fabric can be observed. The scan-
ning electron microscopy image in Fig. 4b shows a cross-
section of a fabric woven by twisting multiple strands of
yarn. The gaps between the multiple strands of yarns and
the gaps left after warp and weft knitting provides the
fabric with good air permeability. When making the cir-
cuit, only the liquid metal line pattern is connected with
PMA glue, while the other parts of the entire flexible
circuit are not glued. In this way, the breathability of the
100% cotton fabric can be retained to the greatest extent.
Figure 4c, d shows the flexibility of the flexible fabric
circuit. The thickness of the obtained double-layer fabric
circuit is only 0.4 mm. The whole size of this flexible
circuit is comparable to a palm with length and width
dimensions of only 66 and 40 mm, respectively.
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Fig. 5 Performance of the fabric electrochemical sensor system. a Time—potential scatter plot and regression fitting curve of 4 mM potassium
ferricyanide solution at a constant voltage of 0.3 V. b Time-potential regression fitting curves with 0, 0.5, 1, 2, 3, 4, 8, 16 mM potassium ferricyanide
solutions at a constant voltage of 0.3V, and the linear correlation between potential and concentration with a reaction time of 25s. ¢ Electric
potential of a 4 mM potassium ferricyanide solution circulated nearly 20 times at a constant voltage of 0.3V and a reaction time of 25 s. d Comparison
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Performance of the fabric electrochemical sensor system

The performance of the system is evaluated after the
completed flexible fabric circuit is connected to a laptop.
After the connection is successful, we select the correct
serial port and baud rate in the software on the laptop.
The software on the laptop successfully loads the control
chip program. Then, the multimeter confirms that the
power supply voltage, the operating voltage of the preci-
sion amplifier, and the voltage of the voltage regulator
module are stable. Using the platinum disc electrode as
the working electrode (WE), the voltage range® is
0-0.6 V. Therefore, the potentiostatic voltage for potas-
sium ferricyanide detection is set to 0.3 V. The purpose of
potassium ferricyanide detection in this section is to study
the performance of the sensor system itself, since a given
constant potential voltage can catalyze the reduction of
potassium ferricyanide and generate a reaction current. It
is unnecessary to emphasize the selection of the poten-
tiostatic voltage that maximizes the reaction current of
potassium ferricyanide.

During the measurement of the electrochemical sensor
system, the potentiostat module uses the RE potential as a
reference to control the electrode potential of the WE and

simultaneously detects the current flowing between the
WE and CE for electrochemical detection. Because the
current on the WE is too small, the current is converted
into a voltage signal by the I/V module, and the inter-
ference signal is filtered out by the filter module. Its
magnification is given by the following equation:

U=2-R-I (1)

where U represents the voltage signal after amplification
(V) and I represents the current signal before amplifica-
tion (A). The amplification factor depends on the
impedance used. In the design of the circuit, we use a
resistor of R = 73.2 kQ, which can effectively amplify the
very small current. After the signal processing circuit,
the voltage signal is sent to the ADC sampling terminal
of the single-chip microcomputer. The sampling term-
inal can convert the analog signal into a digital signal.
Therefore, the digital signal output by the single-chip
microcomputer is transmitted to the laptop software,
and the data are displayed in real time through software
processing. Due to sampling and the sampling principle
of the single-chip microcomputer, the data we obtain in
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Table 1 Average current corresponding to each concentration of potassium ferricyanide in chronoamperometry,
t=25s.

[Potassium Ferricyanide]/mM 0 0.5 1 2 4 8 16
Current/A 0 135% 1078 433%x10°® 121x1077 1.73%1077 3.80x 1077 875%x 1077

real time are actually the display of the scatter diagram
in Fig. 5.

As illustrated in Fig. 5, potassium ferricyanide solution
is used to study the linearity, repeatability, and stability of
the system. Figure 5a shows the time—potential scatter
diagram of a 4 mM potassium ferricyanide solution at a
constant voltage of 0.3V. We find that although the
scatter plot has a certain trend, there are also some
marginal scatter points, which may be due to the removal
of interference signals without filtering. To filter out the
influence of interference on the scattered points, we fit the
curve with a binomial based on the scatter plot, which is
also very helpful for the subsequent discussion of the
relationship between the concentration and output value.
Figure 5b shows the time—potential fitting curve of
potassium ferricyanide solution with a concentration of
0mM to 16 mM. As the concentration is increased, the
output potential decreases. The currents reach stability
after 20 s. Thus, we choose the current at 25s (¢t = 25) as
the response of this sensor to the analyte. The amplified
potential is linear and described by the following equa-
tion: y = (—0.0079 + 0.0007) x x + (1.7510 + 0.0050), R is
0.993. It can be seen that the designed system has a high
correlation with the output in the concentration range of
0-16 mM, which demonstrates the effective current
generated by the electrochemical reaction at a lower
concentration (millimolar level). The system also has
good linearity in processes, such as small current ampli-
fication, filtering, and digital-to-analog conversion.

Using the magnification relationship of Eq. (1), we can
calculate the current responses to each concentration of
potassium ferricyanide, as shown in Table 1. The current
of 0.5 mM potassium ferricyanide is as low as 13.5 nA, and
the current of 16 mM potassium ferricyanide is 0.875 pA.
It can be found that the theoretical detection limit is also
at the nanoampere level.

Next, the stability of the electrochemical sensing system
itself is evaluated. Figure 5c displays the nearly 20
time—potential fitting curves with a 4 mM potassium
ferricyanide solution. The corresponding potential out-
puts at t=25s are all at 1.72V. The relatively stable
potential output shows the repeatability of the electro-
chemical sensing system (Fig. S5a shows the corre-
sponding time—potential fitting curve for nearly 20 times;
Supplementary Material) Fig. 5d shows the corresponding
potential values of the time—potential fitting curve at

t=25s on the 1st day, 12th day, and 20th day with a
0 mM potassium ferricyanide solution (Fig. S5b shows the
corresponding time—potential fitting curves for different
days; Supplementary Material). Due to the need to discuss
the impact of the number of days on the three sets of data,
we use a single-factor analysis of variance to perform a
significance analysis on the output potentials on the 1st
and 12th days, as well as the 1st and 20th days. The
P values are 0.40 and 0.45, respectively. The results show
that the potential output on the 12th and 20th days is not
significantly different from that on the 1st day, which
shows the time stability of the system. This provides a
reliable basis for the subsequent application detection of
the system in a certain time span.

Fabric electrochemical sensor system for glucose detection

Figure 6a shows the time—potential fitting curve of a
glucose solution with a concentration of 0 mM to 4 mM.
The scatter plot regression method still uses binomial
regression. Figure 6b shows the linear correlation of
the output, which can be described by the following
equation: y=(—0.0467 + 0.0068) x x + (1.7690 + 0.0130),
R? is 0.9891. The designed system has a high correlation
with the output in the concentration range of 0—4 mM.
Similar to the potassium ferricyanide solution experiment,
the system still maintains good linearity, but the con-
centration range of the glucose test is reduced. The lowest
measurable concentration is 0.25 mmol/L. We speculate
that the main reason is that the 1 mm nickel wire elec-
trode is not modified, and the degree of glucose catalysis
is limited. When the glucose concentration is too low, the
reaction current is not obvious™’.

Using the magnification relationship of Eq. (1), we can
calculate the current corresponding to each concentration
of glucose at t =255, as shown in Table 2. The current of
0.25 mM glucose is as low as 80.1 nA, and the current of
4mM glucose is 1.30 uA. Even after the electrode is
replaced by an electrochemical reactant, the current is still
in the nanoampere to microampere range. The signal
collection shows that the overall electrochemical sensor
system designed has strong applicability and relatively
stable amplification.

Next, the feasibility of testing the glucose concentration
in sweat is verified by comparing the curve of glucose
solution in sweat with that without sweat. The
time—potential fitting curves of the 0mM and 1mM
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glucose solutions with and without sweat interference
components shown in Fig. 6¢c are compared with the
outputs in the histogram. The curves of the same con-
centration all have a higher degree of coincidence. The
specific difference can be compared by observing the
potential of the curve at £t =25s, as shown in the histo-
gram in Fig. 6d. In particular, the significant difference
between the presence and absence of sweat interference
components in 1 mM glucose solution is calculated. As
the interference component is a single factor, we use a
single factor analysis of variance to obtain a P value of
0.0647. The results show that there is no significant dif-
ference in whether the 1 mM glucose solution with the
interference component of sweat is added. Therefore,
when the system is used to detect glucose in sweat, the
main components in sweat (sodium chloride, ammonium
chloride, urea, lactic acid, and acetic acid) basically do not
affect glucose detection. Thus, the feasibility of using
nickel as a WE for the selective detection of glucose in
sweat is verified.

It can be found that the fabric electrochemical sensing
system based on liquid metal is a reusable platform with
replaceable electrodes. The results verify and execute the
complex functions of the flexible circuit on the fabric

through a simple printing method while miniaturizing
and integrating the sensing and analysis modules,
thereby demonstrating its great potential for long-term
wearable electrochemical monitoring. We measured the
performance of this electrode under bending and stress
effects. However, the signals clearly drift, which inter-
feres with the sensor response in some cases. This result
should be due to the variation in the interconnect
resistance and contact resistance during the bending
process, which significantly increases the noise. How-
ever, the system can remain stable and executable when
it is placed on a certain curved surface in a static state.
This stability of the whole system remains to be
improved for practical applications, on which we will
make more efforts in the future. We have also discussed
this in the revised manuscript.

In summary, a miniaturized fabric-based electro-
chemical sensing system is introduced by fabricating a
two-layered circuit using liquid metal, and electro-
chemical sensing is realized. Owing to the fluidity of liquid
metal and the air permeability of fabric, this compact
electrochemical system renders great comfort and port-
ability for wearable sensing devices. It can realize a con-
stant voltage circuit in the range of 0-3V, which can be
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Table 2 Average current corresponding to each concentration of glucose in chronoamperometry, t =25s.

[Glucosel/mM 0 0.25 0.5

Current/A 0 801x 1078

153x 1077

1 2 4

292x107 521x107 130%107°

used for concentration detection. The performance of this
system is verified by a ferricyanide test. Moreover, glucose
at millimolar levels has been detected with the inter-
ference of artificial sweat, which further proves its sensi-
tivity and stability. Above all, this wearable and compact
electrochemical system on fabric show high potential
applicability for health monitoring, home diagnosis and
treatment, mobile medicine, and point-of-care testing.

Materials and methods
Materials

The fabric was observed with an inverted microscope
(OLYMPUS IX71, Japan) and an environmental scanning
electron microscope (ZEISS-Ultra55, Germany)

The adhesion force was measured with a standard
contact angle measuring instrument (SL200B, American).

Liquid metal (Galinstan consisting of 68.5 wt% gallium,
21.5 wt% indium, and 10 wt% tin), 100% cotton fabric, and
artificial sweat were commercially purchased and used as
received.

A 1 mm nickel wire electrode, 3 mm platinum disc
electrode, 15*15*0.1 mm platinum sheet electrode,
Ag/AgCl electrode, and Hg-HgO RE were purchased
from Shanghai Yueci Electronic Technology Co., Ltd.,
Shanghai, China.

Glucose, potassium ferricyanide, and potassium chlor-
ide were purchased from Sinopharm Chemical Reagent
Co., Ltd., Shanghai, China.

Electronic components, such as resistors and capacitors,
were purchased from Shenzhen Lichuang Oline Mall,
Shenzhen, China.

Fabrication of a liquid metal-based electrochemical system
on fabric

The liquid metal-based electrochemical system is screen
printed on a thin layer of cotton via the adhesion of PMA.
First, the conductive path of the designed circuits
(Fig. S3a) is patterned into two layers on stainless boards
(80 mm x 55 mm x 1 mm) as screen printing templates by
laser processing. Then, the template is placed on the
cotton, and a layer of PMA glue is printed. Using the same
printing method, a layer of Galinstan is coated on the
PMA patterns to form conductive lines. Electronic com-
ponents are glued into the circuit and connected to liquid
metal wires, such as chip resistors, capacitors, and chips.
Next, the upper and lower layers of the circuit are over-
lapped based on the four positioning points of the circuit.

To connect the two layers, the interconnecting open
points are overlaid, and additional liquid metal is added to
connect the two layers of circuits. The multimeter is used
to check the resistance to confirm the continuity at the
intersection of the upper and lower circuits, and finally, a
flexible fabric circuit is obtained.

Characterization of the flexible fabric circuit

We conducted a conduction test, stability test, and
morphological characterization of the liquid metal wire
on the fabric.

Conduction test

First, a multimeter (VICTOR: VC890C, China) was used
to test the resistance of different lengths of liquid metal
wires that were not connected to the electronic compo-
nents. The size of the resistance indicated whether the
printed liquid metal circuit was connected.

Stability test

The printed fabric was exposed to air for 16 months.
The multimeter measured the resistance of the liquid
metal wire again and compared it with the initial resis-
tance to determine whether the liquid metal wire could
still be turned on after a certain period of time. This could
simply confirm the stability of the liquid metal pattern
and was also the basis for the stability of the entire fabric
electrochemical system.

Morphological characterization

An inverted microscope and a field-emission environ-
ment scanning electron microscope were used to observe
the liquid metal pattern on the fabric to study its micro-
structure morphology. Through the resistance test and
microcharacterization of the liquid metal pattern, the
feasibility of the liquid metal pattern as a complex func-
tion circuit line was studied from different angles, and the
resistance test was carried out at different times to explore
its sustainable utilization potential. In addition, through
the field-emission environment scanning electron micro-
scope cross-sectional observation and contact angle
measurement of the liquid metal fabric connected with
and without PMA glue, the role of PMA glue in the for-
mation of liquid metal was discussed.

To characterize the characteristics of the substrate of
the flexible fabric circuit, 100% cotton fabric under dif-
ferent angles was observed. We measured the size of the
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flexible fabric circuit. An inverted microscope was used to
observe the front of the fabric, and an environmental
scanning electron microscope was used to observe the
cross-section of the fabric to study its microscopic mor-
phology. We observed the hole diameter of the fabric, the
number of warp and weft yarns, and the thickness of
the fabric through photos to explore the breathability of
the 100% cotton fabric.

Electrochemical test of the system

After  connecting the detected circuit, Keil
uVision5 software (on a laptop) was used to download the
program to the microcontroller (STM32f042f4p6) to realize
the design function. After connecting the system, a multi-
meter was used to test whether the chip met the design
working voltage and whether the three electrodes met the
design constant potential.

A potassium ferricyanide/potassium chloride aqueous
solution was selected as the test solution to test the per-
formance of the entire fabric electrochemical sensor sys-
tem. Using chronoampere detection, the tiny current
generated by redox was displayed on the laptop in real
time through the I/V conversion and data transmission of
the sensor system. Due to the amplification of the
detection circuit, the real-time curve displayed on the
laptop was a time—potential curve. By testing and com-
paring the time—potential curves of different concentra-
tions of potassium ferricyanide solutions, the linearity,
repeatability, and stability of the electrochemical sensor
system could be studied.

Seven sets of potassium ferricyanide/potassium chloride
aqueous solutions were prepared, and the potassium fer-
ricyanide concentrations were 0, 0.5, 1, 2, 4, 8, and
16 mM, while the potassium chloride concentration was
0.1 mM. Each experiment used 2 ml of potassium ferri-
cyanide/potassium chloride aqueous solution. The con-
stant voltage of the detection circuit was adjusted to 0.3 V.
The platinum disc electrode, platinum sheet electrode,
and Ag/AgCl electrode were used as the WE, CE, and RE,
respectively. The time calculated by chronoamperometry
was t=25s.

Electrochemical detection of glucose in sweat

The system was tested with different concentrations of
glucose solutions and the linear relationship of glucose
detection was studied. By adding components represent-
ing artificial sweat interference to the glucose solution, the
time curve of glucose with and without sweat was com-
pared, and the feasibility of the system for detecting glu-
cose in sweat was explored.

Six groups of glucose/sodium hydroxide aqueous solu-
tions were prepared, and the glucose concentrations were
0, 0.25, 0.5, 1, 2, and 4 mM. The concentration of sodium
hydroxide in each experiment was 0.02mM, and the

Page 11 of 12

glucose/sodium hydroxide aqueous solution was 2 ml. In
addition, two sets of glucose solutions with concentra-
tions of 0 and 1 mM were prepared, a total of 10 ml was
used, and contained artificial sweat interference compo-
nents. The main interference components in the artificial
sweat included sodium chloride, ammonium chloride,
urea, lactic acid, and acetic acid. The constant voltage of
the detection circuit was adjusted to 0.55V. A 1 mm
nickel wire electrode, platinum sheet electrode, and Hg-
HgO RE were used as the WE, CE, and RE, respectively.
The time calculated by chronoamperometry is t =25s.

Acknowledgements

We thank the Beijing Natural Science Foundation (Grant No. 7202104), the
National Science Foundation of China (Grant No. 81801794). The authors
declare no competing interests. Data and materials availability: All data are
available in the main text or the supplementary materials.

Author details

'School of Biological Science and Medical Engineering, Beijing Advanced
Innovation Center for Biomedical Engineering, Beihang University, Beijing
100191, China. “Biosensor National Special Laboratory, Key Laboratory for
Biomedical Engineering of Ministry of Education, Department of Biomedical
Engineering, Zhejiang University, Hangzhou 310027, China. *Department of
Biomedical Engineering, School of Medicine, Tsinghua University, Beijing,
China

Author contributions

H.W. designed the circuits and software on the laptop; LH. conceptualized and
supervised the project; X.Q.C, RG, XPW., YW, CCJ, and KS. conducted the
experiments; X.Q.C. and LH. wrote the paper.

Conflict of interest

We declare that we have no financial and personal relationships with other
people or organizations that can inappropriately influence our work, and there
is no professional or other personal interest of any nature or kind in any
product, service and/or company that could be construed as influencing the
position presented in the manuscript entitled “A double-layered liquid metal-
based electrochemical sensing system on fabric as a wearable detector for
glucose in sweat”.

Supplementary information The online version contains supplementary
material available at https://doi.org/10.1038/541378-022-00365-3.

Received: 28 July 2021 Revised: 20 November 2021 Accepted: 21 January
2022

Published online: 07 May 2022

References

1. Zhang, M, Wang, X, Huang, Z. & Rao, W. Liquid metal based flexible and
implantable biosensors. Biosensors 10, 170 (2020).

2. Heikenfeld, J. et al. Wearable sensors: modalities, challenges, and prospects.
Lab Chip 18, 217-248 (2018).

3. Li, X. et al. A fully integrated closed-loop system based on mesoporous
microneedles-iontophoresis for diabetes treatment. Adv. Sci 8, 2100827
(2021).

4. Xu, G. et al. Battery-free and wireless smart wound dressing for wound
infection monitoring and electrically controlled on-demand drug delivery.
Adv. Funct. Mater. 31, 2100852 (2021).

5. Yang, Y. et al. A laser-engraved wearable sensor for sensitive detection of uric
acid and tyrosine in sweat. Nat. Biotechnol. 38, 217-224 (2020).

6. Tang, L, Shang, J. & Jiang, X. Multilayered electronic transfer tattoo that can
enable the crease amplification effect. Sci. Adv. 7, €3778 (2021).


https://doi.org/10.1038/s41378-022-00365-3

Chen et al. Microsystems & Nanoengineering (2022)8:48

Liu, H. et al. Lightweight, superelastic, and hydrophobic polyimide nanofiber
/MXene composite aerogel for wearable piezoresistive sensor and oil/water
separation applications. Adv. Funct. Mater. 31, 2008006 (2021).

Wang, Z. et al. Star-nose-inspired multi-mode sensor for anisotropic motion
monitoring. Nano Energy 80, 105559 (2021).

Cho, Y. H, Park, Y. G, Kim, S. & Park, J. U. 3D Electrodes for Bioelectronics. Adv.
Mater 33, 2005805 (2021).

Song, Y. et al. Wireless battery-free wearable sweat sensor powered by human
motion. Sci. Adv. 6, y9842 (2020).

Li, C, Cao, R & Zhang, X. Breathable materials for triboelectric effect-based
wearable electronics. Appl. Sci. 8, 2485 (2018).

Sun, L. et al. lonogel-based, highly stretchable, transparent, durable tribo-
electric nanogenerators for energy harvesting and motion sensing over a
wide temperature range. Nano Energy 63, 103847 (2019).

Park, S. et al. Ultrastretchable elastic shape memory fibers with electrical
conductivity. Adv. Sci. 6, 1901579 (2019).

Wei, X. et al. Wearable biosensor for sensitive detection of uric acid in artificial
sweat enabled by a fiber structured sensing interface. Nano Energy 85, 106031
(2021).

Li, Z, Chang, S, Khuje, S. & Ren, S. Recent advancement of emerging nano
copper-based printable flexible hybrid electronics. ACS Nano 15, 6211-6232
(2021).

Wang, Z, Wang, W, Jiang, Z. & Yu, D. A novel and simple method of printing
flexible conductive circuits on PET fabrics. Appl. Surf. Sci. 396, 208-213 (2017).
Bae, C. W. et al. Fully stretchable capillary microfluidics-integrated nanoporous
gold electrochemical sensor for wearable continuous glucose monitoring. ACS
Appl. Mater. Inter. 11, 14567-14575 (2019).

Tkachev, S. et al. Environmentally friendly graphene inks for touch screen
sensors. Adv. Funct. Mater. 31, 2103287 (2021).

20.

21.

22.

23.

24,

25.

26.

27.

28.

29.

30.

Page 12 of 12

Wang, X, Guo, J. & Hu, L. Preparation and application of gallium-based con-
ductive materials in the very recent years. Sci. China Technol. Sci. 64, 681-695
(2021).

Lin, Y. et al. Vacuum filling of complex microchannels with liquid metal. Lab
Chip 17, 3043-3050 (2017).

Wang, B, Wu, K, Hjort, K, Guo, C. & Wu, Z. High-performance liquid alloy
patterning of epidermal strain sensors for local fine skin movement mon-
itoring. Soft Robot. 6, 414-421 (2019).

Wang, L. & Liu, J. Pressured liquid metal screen printing for rapid manufacture
of high resolution electronic patterns. RSC Adv. 5, 57686-57691 (2015).
Neumann, T. V. & Dickey, M. D. Liquid metal direct write and 3D printing: a
review. Adv. Mater. Technol. 5, 2000070 (2020).

Guo, R, Yao, S, Sun, X. & Liu, J. Semi-liquid metal and adhesion-selection
enabled rolling and transfer (SMART) printing: a general method
towards fast fabrication of flexible electronics. Sci. China Mater. 62,
982-994 (2019).

Wang, X, Guo, R. & Liu, J. Liquid metal based soft robotics: materials, designs,
and applications. Adv. Mater. Technol 4, 1800549 (2018).

Guo, R. et al. Cu-EGaln enabled stretchable e-skin for interactive electronics
and CT assistant localization. Mater. Horiz. 7, 1845-1853 (2020).

Silverman, I. et al. High heat-flux accelerator targets: Cooling with liquid metal
jet impingement. Int. J. Heat. Mass Transt. 49, 2782-2792 (2006).

Ivanovska, A, Reljic, M, Kostic, M., Asanovic, K. & Mangovska, B. Air permeability
and water vapor resistance of differently finished cotton and cotton/elastane
single jersey knitted fabrics. J. Nat. Fibers 1-13 (2021).

Okuno, J. et al. Single-walled carbon nanotube-arrayed microelectrode chip
for electrochemical analysis. Electrochem. Commun. 9, 13-18 (2007).

Wang, G. et al. Non-enzymatic electrochemical sensing of glucose. Microchim.
Acta 180, 161-186 (2013).



	A double-layered liquid metal-based electrochemical sensing system on fabric as a wearable detector for glucose in sweat
	Introduction
	Results and discussion
	Structure and function of the fabric electrochemical sensor system
	Characterization of the flexible fabric circuit
	Performance of the fabric electrochemical sensor system
	Fabric electrochemical sensor system for glucose detection

	Materials and methods
	Materials
	Fabrication of a liquid metal-based electrochemical system on fabric
	Characterization of the flexible fabric circuit
	Conduction test
	Stability test
	Morphological characterization

	Electrochemical test of the system
	Electrochemical detection of glucose in sweat

	Acknowledgements




